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Proton nuclear magnetic resonance (1H NMR) spectroscopy for detection of biochemical changes in
biological samples is a successful technique. However, the achieved NMR resolution is not sufficiently
high when the analysis is performed with intact cells. To improve spectral resolution, high resolution
magic angle spinning (HR-MAS) is used and the broad signals are separated by a T2 filter based on the
CPMG pulse sequence. Additionally, HR-MAS experiments with a T2 filter are preceded by a water
suppression procedure. The goal of this work is to demonstrate that the experimental procedures of
water suppression and T2 or diffusing filters are unnecessary steps when the filter diagonalization
method (FDM) is used to process the time domain HR-MAS signals. Manipulation of the FDM
results, represented as a tabular list of peak positions, widths, amplitudes and phases, allows the
removal of water signals without the disturbing overlapping or nearby signals. Additionally, the FDM
can also be used for phase correction and noise suppression, and to discriminate between sharp and
broad lines. Results demonstrate the applicability of the FDM post-acquisition processing to obtain
high quality HR-MAS spectra of heterogeneous biological materials.
1. Introduction
Proton nuclear magnetic resonance (1H NMR) spectroscopy of
cellular metabolism in cellular extracts in solution is a well
known and successful technique.1 However, the solvent extrac-
tion involved in the process may cause severe modification of the
composition of the metabolites leading to significant loss of
particular cellular components retained in the insoluble precipi-
tate.2 Besides, the extraction process is also laborious and time
consuming. In the case of in vitro or in vivo NMR studies of
cellular metabolomics, the analysis is performed with intact cells,
which can be a much more reliable process.2 However, in this
case the achieved NMR resolution is lower than that observed
for the extracts, due to the restricted mobility of large molecules
or assemblies and differences in the magnetic susceptibility of the
sample.3 To improve the spectral resolution of heterogeneous
biological samples, the high resolution magic angle spinning
(HR-MAS) technique has been used for more than a decade.3
In general, the spinning rate of HR-MAS probes is not fast
enough to reduce the linewidth in the case of large molecules such
as proteins and lipids in membranes. Therefore, to obtain high-
resolution spectra, the broad signals can be separated and
removed by using a T2 filter, based on the Carr–Purcell–Mei-
boom–Gill (CPMG) pulse sequence.4 Molecules with limited
molecular motion have a shorter transverse relaxation time, T2,
and their signals can be suppressed by acquiring the NMR signal
after long echo times, whenmost of the broader signals have been
decayed, leaving only the sharp signals from the mobile mole-
cules.4Moreover,HR-MASexperimentswith aT2 filter have to be
precededby awater suppressionprocedure to avoid signal overlap
and dynamic range problems.2–5 In contrast, water suppression
can suppress resonances of interest that are at, or close to, the
water signal and, besides, may introduce some artifacts in the
spectrum, i.e., other 1H nuclei which possibly exhibit chemical
exchange with water protons can also be suppressed.5
Although most of the HR-MAS experiments are focused on
the sharp signals from the small molecules,2,3 the information
contained in broad signals may also be relevant.6 Since the small
molecules diffuse faster than the large ones they can be elimi-
nated using a diffusion filter based on magnetic field gradients,
leading to a spectrum that emphasizes the broad lines.7–9
In many cases, the result of a NMR experiment is a time-
domain signal, named free induction decay (FID), and the final
spectrum is obtained from the spectral analysis of the acquired
signal. This analysis is usually done by the discrete Fourier
transform (DFT), by means of the fast Fourier transform (FFT)
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algorithm.4 Despite the great success of this methodology, other
techniques10 can be applied for the same purpose and we have
been motivated by a numerical procedure popularized by the
physics–chemistry community since 1995.11,12 Initially designed
for the diagonalization of large sparse matrices in quantum
dynamics calculations and, then, reformulated to be applied to
the spectral analysis of experimentally measured transient time
signals, the method was named the filter diagonalization method
(FDM) and became an alternative tool for the analysis of
experimental NMR transient data. A comprehensive review of
the FDM with applications for 1D and 2D NMR was published
in 2001.13 Due to the lack of space we will not show here the
mathematical formulation of the method.
In essence, FDM is a parametric non-linear method for fitting
time-domain signals. For the 1D case, the goal of the FDM is to
model the complex time-domain signal (FID) and the proposed
fitting model is defined as the sum of exponentially damped
sinusoids (Lorentzian lines) in an equidistant time grid:
cn ¼
XK1
k¼0
jdkjeiqkei2pnfksengks¼
XK1
k¼0
dke
inUks; n ¼ 0; 1;.;N  1: (1)
The complex amplitudes are represented by {dk} and {Uk}
represents the complex frequencies. Therefore, the complete
characterization of the FID signal requires the determination of
4K real unknowns.
One important aspect of the FDM is that it can model signals
within a specified frequency interval, i.e., instead of computing
all the features of the entire spectrum, only the features inside a
small spectral region (or ‘‘window’’) can be estimated.
Among other practical applications the FDM has been
recently used to selectively remove broad solvent signals from
complex NMR spectra without disturbing the overlapping or
nearby narrower signals.14 It has been shown that FDM can
efficiently model the broad signals in the time domain for
posterior subtraction from the original transient signal, resulting
in an objective separation of the underlying structured spectrum.
In this paper we describe that the procedures of water
suppression and T2 or diffusing filters are unnecessary steps when
the FDM is used to process the full time domain HR-MASNMR
signals obtained from breast cancer cells.
2. Experimental
2.1. Sample preparation
Human breast cancer cell line, MCF-7, was maintained in
DMEM (Dulbecco’s modified Eagle’s minimum medium –
Cultilab) supplemented with 10% fetal bovine serum (FBS). The
cells were incubated at 37 C in a humidified atmosphere with 5%
of CO2. Subcultures were obtained by treating cells with trypsin
in PBS (phosphate buffered saline) for 2 min, and subsequently, 4
mL of culture medium were added and cells were centrifuged at
1500 rpm for 5 min. After centrifugation the pellet was resus-
pended in D2O and centrifuged for further NMR analysis.
2.2. NMR data acquisition
The pellet formed was packed into a zirconium HR-MAS rotor
containing 20 mL of deuterium oxide and sodium trimethylsilyl-
[2,2,3,3-2H4]-1-propionate (TMSP) as an internal standard and it
was spun at the magic angle (54.7 relative to the magnetic field
direction). 1H HR-MAS spectroscopy was performed at 9.4 T
(400.21 MHz for 1H observation) and 5 kHz of spinning rate
using a DRX 400 BRUKERNMR spectrometer. Relaxed pulse-
acquire spectra were acquired with a 1.5 s presaturation delay,
acquisition time of 4.63 s (32k points), and accumulation of 128
transients. In addition, a Carr–Purcell–Meiboom–Gill (CPMG)
spin-echo train was used to filter signals from macromolecules.
In this case, we used the same parameters as above except for a
1.2 ms echo time with 120 cycles and 256 transients. The FID
signal was multiplied by a 1.0 Hz (0.0025 ppm) line broadening
and zero filled two-fold for Fourier transformation. For auto-
matic phasing and baseline correction Advanced Chemistry
Development (ACD) Labs software was used.
2.3. Processing by FDM
For a given small spectral window to adequately describe non-
localized spectral features (like broad lines that are broader than
the window width) a multi-scale Fourier-basis must be imple-
mented and the improved algorithm, named multi-scale FDM, is
more robust, reliable and at the same time computationally
efficient.15 For our experimental data, in particular, we have
found that the multi-scale FDM improved the spectra quality,
signifying, better broad peaks reproduction and less baseline
instabilities.
Another important issue is related to the noise present in
experimental signals. In the process of fitting the FDM deals with
the noise in the same way as with ideal signals, leading to spikes
in the spectra that produce unfavorable results. By means of
regularization procedures it has been shown that FDM can
produce good quality spectra, even for relatively noisy signals,
and that many ways to apply regularization are available, like
Tikhonov regularization and pseudo-noise averaging.13
However, we will not discuss this point more deeply because,
indeed, we found no need to apply regularization in the present
study.
Considering the characteristics of our experimental data and
the advantages pointed above, all the FDM analysis in this
report refers to multi-scale FDM. Evoking the terminology
introduced in 2000 (ref. 15) we have adopted the size of the
narrow-band basis, Kwin ¼ 20, and the size of the broad-band
basis, Kc ¼ 15.
Each component (or peak) of the FDM line list is character-
ized by four parameters: (i) the frequency position in units of
ppm, (ii) the full width at half-intensity (FWHI), also in units of
ppm, (iii) the peak amplitude (or amplitude of the in-phase
absorption peak) in arbitrary units and (iv) the phase of the peak
in radians. A default filtering stage can be implemented to
eliminate some corrupt or undesirable line list entries and we
have used throughout a harmless procedure consisting of
removing from the list peaks with negative width (growing
exponentials).13
In terms of the line list parameters, the peak amplitude, A, and
FWHI of peak k are, respectively, calculated by:
Ak ¼ jdkj
gk
; (2a)
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FWHIk ¼ gk
p
: (2b)
Once the ‘‘line list’’, defined by the set of real parameters {|dk|,
qk, fk, gk}, is available, the corresponding spectral representation
can be easily constructed from the analytic Fourier integral of
eqn (1):
Sð4Þ ¼
XK
k¼1
jdkjeiqk
gk þ 2pið4 fkÞ
: (3)
The FDM algorithm was implemented in C-language in the
Code Builder atmosphere of OriginPro-8 (OriginLab Corpora-
tion) but, to speed-up the numerical calculations, the necessary
mathematical library was separated, optimized, and compiled in
professional C or Fortran compilers, generating Dynamic-Link
Libraries (DLLs) to be linked with the main program.
3. Results and discussion
Fig. 1 shows the HR-MAS 1H NMR spectra of breast cancer
cells (MCF-7) processed with standard FFT algorithms in the
range 0.5 to 6.0 ppm. It can be noticed that both spectra of Fig. 1
need to be phased correctly and, besides, the visualization of the
narrow features is strongly affected by the presence of noise and
baseline problems. Fig. 1A shows the raw HR-MAS spectrum of
MCF-7 cells obtained with FFT, without water suppression and
filtering. This spectrum shows the stronger water signal at 4.79
ppm and the broad lines related to large or restricted mobility
molecules overlapped by sharp lines of small metabolite mole-
cules. Fig. 1B shows the HR-MAS FFT spectrum obtained for
the same sample of Fig. 1A, but measured with a water pre-
saturation procedure. This result shows strong suppression of the
unwanted water signal by the pre-saturation pulse.5 However, as
mentioned before, we must remember that water suppression
techniques will cause suppression of the signals close to 4.79 ppm
and may also eliminate signals related to the metabolites.
Phase and baseline problems evident in the spectra of Fig. 1
can be easily minimized by means of standard post-acquisition
numerical procedures. Fig. 2A and B show the same spectra of
Fig. 1, with phase and baseline corrections implemented
according to the procedure described in the last section. Fig. 2
shows a great improvement in the spectra quality, but the overlap
of broad with narrow features still represent a difficulty for the
data analysis.
Partial or almost complete elimination of the broad features of
the spectra can be promoted by the above-mentioned CPMG
pulse train technique.2 Fig. 2C shows the HR-MAS spectrum of
the same sample, with water suppression and with T2 filtering,
obtained with a CPMG pulse train before data acquisition. The
effect of this filter is the suppression of the broad lines, for
example, those at 0.8 and 1.2 ppm (Fig. 2A and B). However, one
must always remember that the CPMG pulse train does not
refocus homonuclear couplings, which may introduce undesir-
able phase modulations on the detected signals.4
Now, we will present the results obtained by means of the
FDM applied to the data from Fig. 1A. The first objective of the
following text is to separate the contributions from the broad and
intense peaks related to water, at around 250 Hz (4.79 ppm),
from the remaining spectrum and, importantly, this task has to
be performed with a minimum effect on overlapping or nearby
narrow signals.
The FDM was applied to the full FID signal (32 768 data
points), in a small window around the water peaks (212–282 Hz
or 4.71–4.89 ppm), generating the line list that is represented in
Fig. 3A and B. In these figures are plotted the amplitude of the
peaks as a function of frequency and FWHI, respectively.
Analyzing Fig. 3A, one can see that the most intense peaks are
around the center of the frequency window (white squares),
which coincides with the water peak position, and, besides, that
from Fig. 3B the same intense peaks are among the broadest
ones. This fact suggests that the line list can be split into two
separate sets, one containing the intense broad central peaks
Fig. 1 Real component of the HR-MAS spectra of breast cancer cells
(MCF-7) with the vertical scale expanded. The FFT algorithm was
applied to the FID signal without additional post-processing treatments
like phase or baseline corrections and filtering. Length of the signals:
32 768 complex data points, comprising the frequency range of
7062.15 Hz (3.4 to 14.2 ppm). (A): Spectrum obtained without solvent
pre-saturation methods. In this case, the spectrum is dominated by the
water signal and the metabolite signals are comparatively weak. (B): HR-
MAS spectrum with the water pre-saturation method. Suppression of the
solvent signal allows the increase of receiver gain improving the intensity
of metabolites signals.
Fig. 2 Spectra (A) and (B) correspond to the same data from Fig. 1, but
with phase and baseline numerically corrected. (C): Real component of
the HR-MAS spectrum with water pre-saturation and a CPMG pulse
train applied as a T2 filter.
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(white squares: set 1), while the other retains the rest of the list
(black squares: set 2).
Using only the parameters of line list set 1, it is possible to
generate a FID signal that represents the partial contribution of
set 1 to the full experimental signal. Since the procedure is
numerical, this partial FID can be generated with an arbitrary
number of points but, to allow subtraction with the experimental
signal, the partial FID was generated with the same number of
data points and same time interval. When the partial FID is
subtracted from the experimental one, the result is the FDM-
edited FID signal, whose FFT shows a much lower intensity line
in the region where the water peaks are expected.
For further refinement, the procedure can be repeated in
successive and recursive FDM applications, until the final FDM-
edited signal reaches a desired low intensity level at the water
peak position. In the present study the FDM was applied twice
and the line list obtained in the second run is shown in Fig. 3C
and D.
At this point we must emphasize that the inclusion of specific
line list entries into set 1 is not precise and it is not arbitrary,
either. It is necessary to be careful in this procedure because a bad
choice can eliminate peaks of interest or may not be able to
reduce the water signals, possibly, causing unwanted spectral
distortions. It must be noted that the two peaks shown by arrows
in Fig. 3A and B were not included in set 1 of the first FDM-
edited FID, despite the fact that they are broad and relatively
intense. As a precaution, they were not included because we
considered them too broad and, therefore, more subject to
numerical errors. Since these two peaks have appeared again in
the second FDM calculation (Fig. 3D) we believe that they are
genuine peaks, associated with the water or, maybe, with other
components in the sample.
Fig. 4 illustrates the results of the reduction of the water peak
in the NMR spectrum by application of the FDM, as explained
so far. In Fig. 4B and C are plotted the FFT of the FDM-edited
FID signals, amplified with respect to the experimental spectrum
(Fig. 4A). It is clear that a gradual reduction of the water peak
Fig. 3 Visualization of the line list obtained by the FDM spectral analysis of the HR-MAS data without water pre-saturation and filtering, in the range
of 4.71–4.89 ppm. FDM was applied in two subsequent runs generating data (A, B) and (C, D), respectively. The line list was separated into two sets of
peaks, represented by white squares (more intense and broader peaks) and black squares (remaining peaks).
Fig. 4 FFT modulus of the experimental FID (A) and of the FDM-
edited signals obtained after partial elimination of the water peak in the
first application of the FDM (B) and in the second application of the
FDM (C).
This journal is ª The Royal Society of Chemistry 2012 Analyst, 2012, 137, 4546–4551 | 4549
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was achieved; indeed, after the second application of the FDM
the water peak became less intense than the spectral feature at
around 830 Hz, which is almost invisible in Fig. 4A.
After removal of the undesired FID components by the FDM,
we continued to complete the second objective of the work,
which comprises the analysis of the final FDM-edited FID. As a
matter of fact, the analysis of this signal can be performed by the
FDM itself, as well as by any other available method. For
reasons to be explained later, we have chosen the FDM as the
tool to perform such analysis. For this purpose it is necessary,
first of all, to establish the new configuration of the procedure,
and one important aspect to be taken into consideration can be
understood from Fig. 5.
In Fig. 5 are plotted the real components of the experimental
and FDM-edited FID signals, with enough amplification to
visualize the noise in the long time region. As one can notice,
the experimental decay signal is visible in the whole scale, being
above the noise level, at least, for n > 25 000. Also, it is clear
that the FDM-edited decay signal falls below the noise level
prematurely, at around n z 10 000, and for n > 30 000 it
coincides with the experimental data. Since the FDM is essen-
tially a fitting procedure, there is no need to use long input
signals, whose last part is dominated by noise; therefore, these
signals can be truncated appropriately to generate less noisy
representations. For this reason, all FDM analyses to be real-
ized from now on will consider the FDM-edited signal trun-
cated to its first 10 000 points. Also, automatic phase correction
used throughout is performed by setting the phases of all entries
of the line list as zero. Since the generated spectra are the
representations of the line list given by eqn (3), they can be
calculated with an arbitrary number of points and we decided
that 50 000 points in the range 0–2100 Hz is more than enough
to reproduce all spectral features within the intrinsic resolution
of the method.
The FDM-edited FID signal was processed by the FDM and
the result is shown in Fig. 6 for different filtering conditions. The
spectrum in Fig. 6A was calculated using almost the full line list;
only the peaks with very small linewidths (below 0.1 Hz) were
neglected because they are more likely to represent spurious
peaks or noise. After inspecting the linewidth values of the main
features in the spectrum of Fig. 6A, it was possible to use an
additional approach consisting of the application of more
specific filters with the objective to create partial and comple-
mentary spectra that will emphasize some desired features of the
data. The spectra processed with additional filtering are shown in
Fig. 6B–D.
With the objective to create useful partial spectra from the
line list represented by the spectrum of Fig. 6A, we divided the
list into complementary parts, delimited by the FWHI thresh-
olds of 0.0025 ppm (1 Hz) and 0.0125 ppm (5 Hz). In Fig. 6B
only the broad entries were selected (FWHI > 5 Hz), generating
a spectrum that is mainly dominated by broad features. The
complementary spectrum, calculated with the remaining entries
and equivalent to the subtraction (6A  6B), is plotted in
Fig. 6C, favoring a better discrimination of the narrow spectral
features. Additionally, with the intention to further eliminate
part of the remaining noise, we subjected the line list to a more
severe filter (1 Hz < FWHI < 5 Hz) resulting in the plot of
Fig. 6D.
At this point we must emphasize that the analysis of the FDM
results has an intrinsic difficulty that can be stated as: ‘‘a
particular entry of the line list is genuine or not, and if yes, what
the uncertainty (error bar) is’’. As far as we know this question
has not been definitively answered yet; however, there are some
qualitative and semi-quantitative methods for estimating the
error bar and reliability of individual peaks computed by
FDM,13 which were not applied in this work.
Fig. 5 Real component of the experimental FID and FDM-edited
signals obtained after partial elimination of the water peak; both suffi-
ciently amplified for a better visualization of the noise. The acquisition
interval is Dt and n is the integer index of each data point.
Fig. 6 FDM-edited HR-MAS spectra after removal of solvent peaks,
calculated for different filtering conditions. (A) Peaks with FWHI <
0.00025 ppm (0.1 Hz) were neglected. (B) Peaks with FWHI < 0.0125
ppm (5 Hz) were neglected. (C) Peaks with FWHI > 0.0125 ppm (5 Hz) or
FWHI < 0.00025 ppm (0.1 Hz) were neglected. (D) Peaks with FWHI >
0.0125 ppm (5 Hz) or FWHI < 0.0025 ppm (1 Hz) were neglected. Sum of
spectra (B) and (C) reproduces the less filtered spectrum (A).
4550 | Analyst, 2012, 137, 4546–4551 This journal is ª The Royal Society of Chemistry 2012
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The results shown in Fig. 6 demonstrate the ability of the
FDM to separate specific spectral components according to
previously selected thresholds. However, since the choice of such
thresholds is human operator biased, we must compare the
spectrum of Fig. 6D with the available CPMG data fromFig. 2C,
with the intention to establish a possible validation of the applied
FDM filter procedure. This is shown in Fig. 7.
Comparing the narrow line spectra of Fig. 7, one can notice
that the FDM spectrum presents comparable information to
the CPMG result and, furthermore, the resolution achieved by
the FDM is superior to that of the CPMG filtering method,
allowing better peak identification and coupling constant
measurements, leading to more precise assignments. The fact
that the FDM line list can be split to generate partial spectra is
of great interest in the determination of the small and large
molecules evolved in the signal. Indeed, FDM processing can
also be used to display the spectrum of the broad lines
(Fig. 6B), which contains information about the molecules with
restricted mobility, normally obtained from different HR-MAS
experiments, including the diffusion filter in the pulse
sequence.9 From this point of view, the FDM procedure can
reduce substantially the acquisition time, contributing to the
sample stability.
4. Conclusion
Results demonstrate the efficiency of the FDM post-acquisition
processing to obtain 1H NMR spectra of heterogeneous bio-
logical materials, like cancer cells, even by using a HR-MAS
probe without water suppression and a T2 filter. Interestingly, we
have shown that the FDM can display the spectra of the large
molecules or assemblies without the use of a diffusion filter.
Thereby, FDM processing of HR-MAS data can be very useful,
computationally efficient and a robust method to study cell
metabolomics for monitoring in vitro or in vivo tumor response to
therapeutics. Consequently, the obtained information can be
used to help the diagnosis of cancer and to select appropriate
therapies.
5. Abbreviations
HR-MAS High resolution magic angle spinning;
1H NMR Proton nuclear magnetic resonance;
CPMG Carr–Purcell–Meiboom–Gill;
DFT Discrete Fourier transform;
FFT Fast Fourier transform;
FT Fourier transform;
FDM Filter diagonalization method;
MCF-7 Human breast cancer cell line;
DMEM Modified Dulbecco’s minimum medium;
FBS Fetal bovine serum;
PBS Phosphate buffered saline;
D2O Deuterium oxide;
FID Free induction decay;
FWHI Full width at half-intensity;
1D One-dimensional;
2D Two-dimensional.
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